Objectives-Biliary atresia (BA) frequently results in portal hypertension (PHT), complications of which lead to significant morbidity and mortality. The Childhood Liver Disease Research and Education Network (ChiLDREN) was utilized to perform a cross-sectional multi-centered analysis of PHT in children with BA.
Methods-BA subjects receiving medical management at a ChiLDREN site were enrolled. A priori, clinically evident PHT was defined as "definite" when there was either 1) history of a complication of PHT or 2) clinical findings consistent with PHT (both splenomegaly and thrombocytopenia). PHT was denoted as "possible" if one of the findings was present in the absence of a complication, while PHT was "absent" if none of the criteria were met.
Results-163 subjects were enrolled between May 2006 and December 2009. At baseline, definite PHT was present in 49%, possible in 17% and absent in 34% of subjects. Demographics, growth and anthropometrics were similar amongst the 3 PHT categories. ALT, GGTP, and sodium levels were similar, while there were significant differences in AST, AST/ALT, albumin, total bilirubin, PT, WBC, platelet count and AST/platelet between definite and absent PHT. Thirty-four percent of those with definite PHT had either PT > 15s or albumin < 3 g/L.
Conclusions-Clinically definable PHT is present in two thirds of North American long-term BA survivors with their native livers. The presence of PHT is associated with measures of hepatic injury and dysfunction, although in this selected cohort the degree of hepatic dysfunction is relatively mild and growth is preserved.
Keywords
varices; pediatric; ascites; hepatopulmonary syndrome; hypersplenism Portal hypertension (PHT) is a common consequence of biliary atresia (BA) and can lead to significant morbidity and mortality (1) . Elevated portal pressure has been demonstrated as early as the time of hepatoportoenterostomy (2) . The rate of development of complications of PHT is dependent in part upon whether bile flow is restored, with relatively rapid progression in infants with poor bile flow whose serum bilirubin levels remain elevated (i.e. "failed Kasai") (3, 4) . Despite good bile flow as demonstrated by normalization of serum bilirubin levels, the majority of children with BA still develop biliary cirrhosis with typical complications of PHT. Most published analyses of PHT are single center studies and focus on either the development of, or intervention for, clinical complications of PHT (5) (6) (7) (8) (9) (10) (11) (12) . Some are part of general surveys of BA and not focused on issues related to PHT. Many reports emanate from time periods when the development of complications of PHT was an indication for proceeding with liver transplantation. In the current era, many centers proceed with liver transplantation in infants and toddlers with BA who have evidence of poor bile flow after hepatoportoenterostomy, which is in effect pre-emptive for complications of PHT (1) . Thus earlier reports may not necessarily be representative of the current clinical spectrum of PHT in BA.
Unlike the practice in adults, portal pressures are not typically measured in children. Moreover, hepatic venous pressure gradients, when performed in BA, have the potential to underestimate actual portal pressure, both because of the primarily presinusoidal nature of the lesion in BA, but also because of the unexpected finding of intrahepatic venovenous collaterals (13) . Defining PHT simply by the presence or absence of complications of PHT would underestimate its prevalence, since elevated portal pressure preceeds the development of both varices and ascites. In addition, reliance on endoscopic findings of portal hypertension depends upon surveillance endoscopy in at-risk children, which is not used by many clinicians in North America (14) (15) (16) . A broader clinical definition of PHT would be of great value in pediatric hepatology given the invasive nature associated with direct measurement of portal pressure in children, as well as problems associated with and the limited availability of direct or indirect measurement of portal pressure in children.
The purpose of the present study was to carefully examine a large well-characterized multicenter cross-sectional cohort of children with BA for the presence of PHT. This cohort was designed to reflect what one might encounter in the follow-up of children who survived with their native liver. The analysis used readily available non-invasive and practical clinical and laboratory objective measurable criteria. Both the nature and type of complications of PHT as well as laboratory correlates of PHT were investigated. In addition, the analysis was intended to set a baseline framework for potential future clinical investigations of PHT in children with BA (16) 
EXPERIMENTAL PROCEDURES

Study Subjects
Subjects for this investigation were participants in the Biliary Atresia Study of Infants and Children (BASIC -study ID: NCT00061828) conducted as part of the Childhood Liver Disease Research and Education Network (ChiLDREN), an NIDDK/NIH funded research consortium. ChiLDREN is conducting several studies of BA including BASIC. Infants diagnosed with neonatal cholestasis who were subsequently diagnosed with BA may be enrolled in a separate prospective study, PROBE (Prospective Database of Infants with Cholestasis, study ID: NCT 00061828) and are therefore not included in this analysis, but will be the subject of a separate prospective analysis. During the time frame of this analysis, 10 of the current 15 ChiLDREN centers, were participating. BASIC is a prospective longitudinal cohort study of children and young adults with BA. A subset of the data elements collected in BASIC was designed to examine medical history, physical examination findings, and laboratory data relevant to PHT. Data were collected by clinical investigators with expertise in Pediatric Hepatology and dedicated clinical research coordinators. This analysis was confined to data collected at the time of enrollment into BASIC and did not examine prospective longitudinal follow up. At enrollment, past medical history was collected with a detailed review of events occurring during the previous 12 months. Laboratory data collected at the time of enrollment included clinically indicated testing ordered by the clinician caring for the study subject. There were no per protocol laboratory investigations performed as part of the study. Since surveillance endoscopy was not routinely practiced at many of the centers, the use of endoscopic data would have added considerable bias; thus endoscopy findings were not assessed in this analysis.
For the purpose of this investigation, an a priori operational definition of PHT was developed. Study subjects were classified as definite, possible or absent relative to the presence of features of PHT. A priori, clinically evident PHT was defined as "definite" when there was either 1) a history of a complication of PHT (esophageal or gastric variceal (EV) bleed, ascites, or hepatopulmonary syndrome) or 2) clinical findings consistent with PHT (both splenomegaly [spleen palpable > 2 cm below the costal margin] and thrombocytopenia [platelet count < 150,000/ml]). Spleen excursion below the costal margin was chosen as a parameter that was felt to be clinically significant and reproducible in the hands of an experienced clinician. Spleen size was not consistently assessed at the ChiLDREN centers by routine sonography and thus was not be used in this definition. The platelet count cut-off reflects an abnormal value, one that could be a manifestation of hypersplenism. PHT was denoted as "possible" if only one of the two clinical findings was present in the absence of a complication, while PHT was "absent" if none of the criteria were met.
Inclusion criteria for the present analysis included enrollment in BASIC and continuous medical care for BA at the ChiLDREN site. The diagnosis of BA was confirmed by review of pathology reports, imaging studies and/or operative reports. Subjects were excluded if they had undergone liver transplantation or were referred to the ChiLDREN site specifically for evaluation for liver transplantation. The latter exclusion was meant to reduce the bias of assessing children with more severe disease, as would be expected for liver transplant candidates. Thus study subjects had to have been medically followed at the ChiLDREN site from the time of their hepatoportoenterostomy or had their care transferred to the ChiLDREN site for the purpose of medical follow-up and not simply for evaluation for liver transplantation. Study subjects who received continuous medical care at the ChiLDREN study site who were liver transplant candidates were eligible for this analysis. Subjects who had undergone splenectomy or those with polysplenia or asplenia were excluded as this status might impact on the proposed operational definition of PHT. Subjects were excluded from analysis if the status relative to PHT could not be definitively determined due to an absence of clinical data (e.g. platelet count or spleen size).
Informed consent in writing was obtained from parents or guardians with assent from the subject when age appropriate. Study protocols were approved at each center by the institutional review committee.
Statistical Analysis
Descriptive statistics (means and standard deviations for continuous variables; counts and percentages for categorical variables) were reported for the three (definite, possible and absent) PHT groups. Continuous variables were analyzed with a one-way analysis of variance model consisting of PHT group; differences among the means were considered significant at the α = 0.05 level. Categorical variables were analyzed with Fisher's Exact Test; and differences considered significant at the α = 0.05 level.
The presence or absence of a history of complications (ascites and/or EV bleed and/or HPS) as a function of splenomegaly and/or thrombocytopenia at enrollment was analyzed with a logistic regression model. The model consisted of splenomegaly and thrombocytopenia as dichotomous (present/absent) predictor variables and their interaction. Point estimates and 95% confidence intervals for the probability of a complication were generated for all four groups. Using the "splenomegaly absent, thrombocytopenia absent" group as the reference, point estimates and 95% confidence intervals for the relative risk of complications for the remaining three groups were determined. Two-sided p-values for H 0 : relative risk = 1 were also generated (17) .
All analyses were performed in SAS 9.1 (18) .
RESULTS
Study Subjects
A total of 211 BASIC BA subjects with their native liver were enrolled between May 2006 and Dec 2009. Eighteen subjects were excluded because they were referred to the ChiLDREN site primarily for the purpose of liver transplant evaluation (9 with definite PHT, 2 with possible PHT and 5 with absent PHT). Seven subjects were excluded due to polysplenia, which may preclude measurement of spleen size as a criteria of PHT -none had a history of a complication of PHT. Six of seven of these subjects would have been classified as absent PHT, one subject with polysplenia had splenomegaly and thrombocytopenia. There were no subjects reported to have either asplenia or had undergone surgical splenectomy. Twenty-three subjects were excluded due to incomplete clinical data that prevented precise classification of PHT. Thus this analysis is based on the remaining 163 subjects who were followed for routine clinical care of their BA at one of the 10 ChiLDREN centers.
Clinical Characteristics of Subjects
Subject ages at enrollment ranged from 1 to 25 years with a mean of 9.2 ± 5.6 years (± SD). The distribution of ages at enrollment is shown in Figure 1 . 56% of subjects were female, 13% Hispanic, 75% white, 18% black and 7% Asian. Using the clinical definition of PHT developed for this study, PHT was definite in 80 (49%) and absent in 56 (34%); 27 (17%) had possible PHT defined by either splenomegaly or thrombocytopenia without a history of any of the defined complications of PHT. There were no differences in the mean age at hepatoportoenterostomy, age at enrollment, gender, ethnicity or race among the three groups ( Table 1 ). The frequency of previous episodes of cholangitis was not different in the three PHT groups (Table 1) . Nonspecific β-blocker therapy was employed at the time of enrollment in the study in 8 out of 163 study subjects (definite PHT, n=7 and possible PHT, n = 1).
Defining Manifestations of Portal Hypertension
Forty-three of the 163 subjects had a history of a complication of PHT, while 37 subjects met the definite PHT criteria solely based on spleen size and platelet count (Figure 2A ). Some study subjects had experienced multiple complications of PHT. Of the 43 subjects with a history of complications the most common event was EV bleed (n=32); less common were ascites (n=14) and hepatopulmonary syndrome (n=8) (Figure 2A ). Of the 32 with EV bleeding, 7 had their first bleed between birth and 2 years, 7 between 2 and 5 years, 11 between 6 and 10 years and 7 after the age of 10 years. Twenty of the 32 had only one episode of bleeding. Twelve children had at least 5 years follow up after an episode of EV bleeding; 6 had no further episodes, 4 had 1 to 5 episodes, while 2 had more than 5 episodes. The interrelationship of the defining manifestations of PHT is seen in Figure 2B . The overlap of the manifestations is varied and complex with no specific pattern. 
Growth Parameters in Portal Hypertension
Because growth failure is a major complication leading to liver transplantation in the younger child or infant, we examined the relationship of growth parameters (expressed as zscores) to PHT status. Data were expressed as z-scores relative to published age-adjusted normative values. Surprisingly, there was only one significant difference in these parameters among the PHT groups. Height z-score was statistically lower in possible versus absent PHT, although the magnitude of the difference was of questionable clinical significance. None of the parameters were remarkably different from published norms for healthy children (Table 1) .
Laboratory Studies Associated with Portal Hypertension
Biochemical and hematologic findings for the three BA groups were examined ( Table 2) . Comparing definite to absent PHT, significant differences were found in AST, AST/ALT ratio, total bilirubin, albumin, prothrombin time, white blood cell count, platelet count and a modified AST to platelet ratio (APRI). This modified APRI reflected the AST level in IU/L divided by the platelet count in 10 3 /ml, thereby avoiding issues related to local variability in normative values for AST (19) . Values for the possible PHT group were intermediate between definite and absent PHT for AST/ALT ratio, total bilirubin, albumin prothrombin time, platelet count and modified APRI. Interestingly, ALT, AST, and gGTP were higher in possible PHT relative to either definite or absent PHT. The distribution of platelet and white blood cell counts was shifted toward lower values of subjects with definite PHT compared to those without ( Figures 4A and 4B ). 34% of those with definite PHT had either PT > 15s or albumin < 3 g/L. No subject with definite PHT had a serum Na < 130 mEq/L, while 5 subjects had values between 130 and 135 mEq/L.
DISCUSSION
The major strength of this study is that it is contemporary, large, cross-sectional, multicentered and focused on issues related to PHT. It stems from enrollment into BASIC, one of five protocols currently under study in ChiLDREN. This network consists of 15 clinical sites with a history of institutional strength in the study of pediatric liver disease. One of the principal aims of BASIC is to determine the natural history of BA patients surviving with their native liver The nature of this study excludes children with progressive disease who underwent liver transplantation early in life, especially those with "failed" Kasai procedures. In effect, this is a study of children and young adults with BA who survive with their native livers, representing those children who would be seen in long-term follow-up in clinical practice. By recruiting these patients with BA and following each for up to 10 years, BASIC will record prospectively obtained data in a standardized and uniform fashion on growth and nutrition, physical examination findings, clinical laboratory parameters, and complications from hundreds of BA patients. Thus modeling of the natural history of BA through childhood should be possible with a goal of developing a disease-specific staging system. This multi-centered study differs from the majority of the published experiences to date of the natural history of BA, which are typically retrospective and single-centered (4, 6, (20) (21) (22) . In addition, much of the literature to date emanates from transplant centers and thus includes a potential referral bias, that being more severe liver disease. The current analysis was devised to minimize this bias. In fact, two thirds of the study subjects underwent their original hepatoportoenterostomy at the ChiLDREN site. Thus, this current analysis lessens the impact of referral center bias and has a greater sampling of the "real world" status of long-term survivors with BA in a non-centralized health care delivery system. Moreover, this cohort will serve as the basis for determining the timeline and incidence of the development of PHT in BA.
One of the major complications of BA is the development of PHT. Previous reports have documented a high percentage of BA survivors with PHT (9, 10, 12) . Often PHT is defined by development of a complication or by endoscopic findings. These are late manifestations of the development of PHT and likely underestimate the prevalence of PHT. Surveillance endoscopy of children with cirrhosis is not undertaken by many pediatric gastroenterologists and therefore using the presence of varices as a marker of PHT may not be practical (14, 15) . One of the goals of the current study was the establishment of clinically-accessible and reproducible operational criteria to define PHT in BA, which could be used as end-points in prospective follow up and for the development of studies of interventions, outcomes, and new modalities for assessing PHT (e.g. doppler sonographic parameters or elastography). The current clinical criteria for PHT appear to be useful in this regard, although it should be remembered that this is a clinical and not hemodynamic definition of PHT. Although impractical in children, direct measurement of portal venous pressures would likely yield a larger percentage of long term BA survivors with PHT.
It would be valuable to have noninvasive markers of PHT for prospective follow up in children with BA and other progressive liver diseases. This study utilized platelet count as one of the parameters defining PHT, so results involving platelet counts may be in part a self-fulfilling prophecy. It is noteworthy that the clinically defined PHT correlated with white blood cell count, an independent marker of hypersplenism. The data indicate that those patients meeting clinical criteria for PHT (spleen size and platelet count at the time of study enrollment), accounted for most of the patients who had previous portal hypertensive complications. Gana et. al. recently derived a clinical prediction rule for the presence of esophageal varices in children. Platelet count, spleen length determined by ultrasonography and serum albumin were independent variables with the best fit, however few patients with BA were included in the study (23) . Fagundes et al. indicated that children with cirrhosis and splenomegaly on clinical examination were 14.6 fold more likely to have esophageal varices than cirrhotic children without splenomegaly (24) . In a single study, splenomegaly had better sensitivity and specificity for predicting varices in BA compared to transient elastography (25) . At present, however, there are no well-accepted noninvasive markers for the development of esophageal varices in children (26) . Our analysis in children with BA suggests that modeling spleen size (cm below the costal margin) and platelet count may be useful as a surrogate marker for the risk of development of complications of PHT. A validated scoring system using these easily obtainable and inexpensive parameters might also be used for comparative analyses with other biomarkers and as an outcome for the effect of various clinical interventions, especially those directed at slowing fibrogenesis.
The AST to Platelet Ratio Index (APRI) has been postulated as a potentially accurate marker of increasing fibrosis in adult patients with hepatitis C (19, 27) . Limited work has examined the APRI in chronic viral hepatitis in children (25) and very recently in a small cohort of BA patients (26) . APRI positively correlated with hepatic fibrosis (28, 29) . In our current analysis, APRI was increased in those meeting criteria for definite PHT. How well this index predicts clinical markers of PHT and portal hypertensive complications, other biochemical measures of hepatic functional compromise and increased fibrosis on liver biopsy will be addressed with subsequent prospective analyses of longitudinal data collected in the BASIC cohort.
As might be expected, variceal hemorrhage was a common complication observed in this cohort of children. The age at onset of variceal hemorrhage was quite variable. One third of those subjects who had suffered from variceal hemorrhage survived with their native liver for at least another 5 years, confirming a prior report of relatively good prognosis after variceal hemorrhage in patients with BA who had low bilirubin levels (7) . The nature of the BASIC BA cohort excluded children who had already undergone liver transplantation and thus who might have had higher rates of complications. The more severe BA complications reported by Duche et al. whose study group had significantly higher bilirubin levels than this cohort, may not be as common in the current era in which some patients with failed portoenterostomies undergo "pre-emptive" transplantation before development of PHT complications (1, 12) .
It is surprising that the children in this cohort, a large percentage of whom have PHT, are "relatively" healthy. Sicker patients certainly have been, in effect, censored by the process of liver transplantation. This is particularly true for hepatopulmonary syndrome, which in its own right may be an indication to proceed with transplantation. Growth parameters overall were fairly unremarkable and failure to thrive was not generally observed in those with definite PHT. Failure to thrive can be an indication for liver transplantation, although not typically in isolation. Thus it is possible that prior transplantation may have selected for a cohort of children without significant nutritional compromise. Laboratory parameters of liver function were modestly diminished in those with PHT; most of the children would be classified as having compensated cirrhosis. None of the children had significant hyponatremia, a marker of more advanced liver disease. Prospective follow-up of this cohort in the ensuing 5 to 10 years will provide unique insights of the natural history of BA in children surviving with their native liver.
In conclusion, this multi-centered analysis of PHT in BA patients is representative of clinical management in the current era. Clinically definable PHT is present in two thirds of North American long-term BA survivors. The presence of PHT coincides with measures of hepatic injury and dysfunction, although in this selected cohort the degree of hepatic dysfunction is mild. Growth is relatively unimpaired in this cohort, even in the presence of PHT. In light of the compensated nature of the PHT in these children and young adults with BA, future efforts need to be focused on understanding those factors that predict progression of PHT and the development of adverse outcomes with the goal of ultimately optimizing medical management. The ChiLDREN BASIC study is ideally suited to prospectively investigate these important issues and to provide baseline information for future interventional trials of the management of portal hypertension in children (16) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Age distribution at enrollment. The number of BA subjects of the cohort of 163 in each age range is indicated in this bar graph. A: Presence of clinical characteristics or history of complications of PHT at enrollment. The percentage of the BA subjects who reported ascites, esophageal variceal bleeding (EV Bleed), hepatopulmonary syndrome (HPS), splenomegaly [spleen tip > 2 cm below the costal margin], thrombocytopenia [Platelet count (plt) < 150k] or both (Spleen + Plt) are noted. Subjects could have more than one characteristic or complication so that the total is greater than 100%. B: Venn diagram of the factors determining presence of Definite PHT. The factor associated with definite PHT is represented by each ellipse and is described by the text next to the ellipse. The interrelationship of the features is indicated by the overlap of the ellipses and the number with the overlapping sections. For example, following the left-most ellipse of Ascites, only 4 of the 14 reported ascites alone, while 1 each reported ascites+ EV bleed and ascites + HPS + EV bleed, while none of the 8 subjects with HPS had HPS + ascites. In 56 subjects PHT was absent and in 27 it was possible (not shown). Sizes of the ellipses do not correlate with the number of subjects. EV = esophagogastric variceal hemorrhage; HPS = hepatopulmonary syndrome. 
A-C:
Correlation of history of presence of ascites (3A), esophageal variceal bleed (3B) or hepatopulmonary syndrome (3C) with current platelet count and spleen span below the costal margin. The presence (filled circles) or absence (open circles) of a history of ascites (3A), EV bleed (3B) or HPS (3C) for each subject relative to platelet count (y-axis) and spleen size (cm below the costal margin, x-axis) is shown. The horizontal line represents a platelet count of 150,000, and the vertical line a spleen size of 2 cm below the left costal margin. Thus, individuals whose data points fall to the right of a spleen size of 2 cm (x-axis) and below a platelet count of 150,000 (y-axis) are in the definite PHT category. Note that a large majority of subjects with complications fall within this part of the graph. (21) 
